We review Coleman's wormhole mechanism for the vanishing of the cosmological constant. We show that in a minisuperspace model wormhole-connected universes dominate the path integral. We also provide evidence that the Euclidean path integral over geometries with spherical topology is unstable with respect to formation of infinitely many wormhole-connected 4-spheres. Consistency is restored by summing over all topologies, which leads to Coleman's result. Coleman's argument for determination of other parameters is reviewed and applied to the mass of the pion. A discouraging result is found that the pion mass is driven to zero. We also consider qualitatively the implications of the wormhole theory for cosmology. We argue that a small number of universes containing matter and energy may exist in contact with infinitely many cold and empty universes. Contact with the cold universes insures that the cosmological constant in the warm ones is zero.
Introduction -
The cosmological constant plays two roles in physics. The first role is that of a coupling constant, similar to other mass and coupling parameters in microscopic physics. Its origin is likely to include short distance physics including wavelengths down to the Planck scale. The other role, as its name suggests, is that of a macroscopic parameter controlling the large scale behaviour of the universe. From the microscopic point of view we have no explanation of why the cosmological constant vanishes. From the cosmic viewpoint it vanishes so that the universe can be big and flat, as observed. Thus, it seems a miracle that microscopic physics should be fine tuned with practically infinite precision just so that the large scale structure of space-time can look as it does. What seems to be needed, as emphasized by Lindei" is a direct connection between the cosmic scale physics and the microscopic machinery which creates coupling constants. Wormholes provide just such a large distance -small distance connection. As far as we know, early speculations about wormholes date back to John Wheeler. Hawking have been explored in ref. [9, 10] . R emarkably, it was shown that the entire effect of wormholes is to modify coupling constants and to provide a probability distri-bution for them. Even more remarkable is Coleman's claimnl] that the probabilty zfor a given value of the cosmological constant is overwhelmingly concentrated at zeroY1 One purpose of this paper is to review Coleman's arguments and discuss some subtle points about the Euclidean path integral and the wave function of the universe. A second purpose is to clarify the implications of Coleman's theory for other parameters as well as for physics of the early universe.
In sec. 2 we review Coleman's arguments and rederive his results using a somewhat different method. In sec. 3 we point to some of the subtleties in defining the Euclidean path integral for gravity using a minisuperspace model as an example. In sec. 4 we argue that some of these subtleties are actually clarified once the wormholes are taken into account. Sec. 5 is an attempt to use Coleman's approach to fix other fundamental parameters.
The results of a naive treatment turn out to be quite discouraging: wormholes shift the pion mass to zero and the neutrino mass away from zero. We speculate on how one might avoid these unphysical conclusions. Finally, in sec. 6 we address the issue of whether generation of heat in the early universe is consistent with the mechanism that shifts the cosmological constant to zero.
Coleman's Mechanism
_ ._-.
In this section we will derive Coleman's results in a way that some people have found more transparent than Coleman's original arguments. Consider the Euclidean path integral version of quantum gravity. We integrate over all compact topologies of space-time; in particular, we focus on geometries which consist of some number of large universes connected by tiny wormholes. To begin with, we will assume that the wormholes can be treated as dilute so that their emissions are independent. This means that their average space-time separation is much greater than their size, which we take to be of the order of the Planck scale. Now consider the effects of wormholes connecting distant regions of a single large universe. In particular, suppose that the two points connected by the wormhole are J: and z'. Let $i(z) be a basis for the local operators at z. We assume that the effect of a wormhole is to insert the expression f c %464~ji(4 13
into the integrand of the path integral, where C;j N exp(-S,) and S, is the wormhole action. Thus, for example, the numerator of eq. (2.1) would be replaced
The process in eq. (2.3) can be represented by a figure in which a line connects 2 and z' (see figure 4) . It is important to distinguish such processes from ordinary propagators connecting z and x'. The ordinary processes propagate through a large region of space-time and depend on space-time separation between x and x'.
Instead, wormholes 'short circuit' space-time. Therefore, the coefficients C;i do not depend on x and x', at least when the two points are distant. This lack of dependence on space-time separation makes the wormhole amplitudes very different from amplitudes for the ordinary processes. In fact, if the wormholes are sufficiently dilute, the amplitude for each wormhole will typically scale like the square of the space-time volume instead of the volume. Jp--J dgMexp(-kDijaiaj) exp(-I(g, X + a)) P-7)
In a similar manner we can take into account processes involving additional closed universes. Each additional universe gives a factor J dg exp(--l(g, X + cy)) in the cr-integrand. The combinatorics again exponentiate giving (M) = f J dadgM exp(-~Dijaiaj)e-~(g~~+a) exp( J dgfe-'(g"'+a)) (2.8) where N is a normalization factor. Let us compare eq. (2.8) and eq. (2.1). We see that (M) can be written in the form (w = J dv(a) (~),+a (2.9) (2.11) where the integration is over geometries with spherical topology and no wormholes.
There are geometries of spherical topology which can be described as several large spheres connected by wormholes (see figure 6 ). We do not wish to include these in the definition X. We will return to this point later. Clearly, this expression is formal due to the unconventional sign of the kinetic term for 4. With the Hartle-Hawking continuation 4 -+ i4, it is defined to be
This is just the Euclidean path integral for the stable d4 theory? Therefore, it
A-This is not a conventional theory since it must be regulated in a conformally invariant way. ) which is once again the hamiltonian of a stable quantum mechanics problem.
The second conclusion is that, unlike the Hartle-Hawking wave function, $(a)
is complex and corresponds to an outgoing wave at a >> $. This should not come as a surprise since the physical problem we have set up corresponds to the quantum mechanics of a particle starting at a = 0 at t = 0. Therefore, our wave function describes a particle tunneling from under the barrier, which extends from a = 0 to a = l/h, to large values of u! One might object to our regularization, which is essentially substituting a.Minkowskian path integral for a Euclidean in the minisuperspace context. Then, a 'manifestly real' Euclidean path integral gives rise to a complex wave function. Actually, this is a standard phenomenon in problems which involve an instability, such as the quantum mechanics of minisuperspace.
With our alternate regularization we once again find no evidence for exp ( &) in the normalization of the wave function. This is despite the fact that both $11
and $2 are present in the wave function:
$(a) = -exp(-3/8G2A)(+z(u) + i+l(u>> (3. 26)
The naive saddle point approximation to $(a) would have given +(a> N $2 + $1 (3.27) What is the origin of the normalization factor in eq. (3.27) and how does it affect
Coleman's arguments ? The answer is given in the next section. This manipulation can be made more convincing by introducing an R2 stabilizer term into the action. Then, for A greater than some critical value, the geometric series which sums up the multiple bounces converges. Analytic continuation to small A essentially reproduces eq. (4.2).
--Note that (4.2) app roaches -1 as A + 0. Thus, in this limit, only if we sum over the wormholes do we get the correct saddle point approximation to the wave function. This is not to say that tunneling amplitudes cannot be understood without multiple bounces. In particular, if the usual Euclidean path integral is applied to a hamiltonian with the conventional sign of the kinetic term, such as -H, where H is given in eq. (3.3) , th e multiple bounce has the amplitudeexp(-a). Thus, th e successive bounces are strongly suppressed. The reader can verify that the path integral carried out this way leads to the same wave function.
Our point is that, if we insist on using the standard sign for the gravitational kinetic energy and the usual saddle point definition of the Euclidean path integral, the sum over the geometric series generated by the multiple bounces is necessary.
This supports the view that the wormholes provide important contributions to the Euclidean path integral.
We also see that, if A is small, no serious error is made by ignoring wormhole-connected universes since their only effect is to change normalization of the wave function. In Coleman's case, the analogue of summing up the geometric series is just the calculation of sec. 2. The effects of the wormhole summation and the exponentially large contribution from each 4-sphere result in a finite prescription: quantum gravity with zero cosmological constant. (4.7)
We can regard the value of (4.6) at th is extremum as the definiton of the sum of connected tree graphs. With this definition, the cosmological constant is only weakly shifted by wormholes. As A decreases, the local maximum in eq. (4.7) disappears. This happens well before the wormhole-shifted cosmological constant vanishes. Thus, the sum of tree diagrams ceases to make sense below some value of the physical cosmological constant. It should be noted that all the tree diagrams are spheres topologically, while metrically they are very far from spherical. This raises an interesting possibility. It suggests that the Euclidean path integral over geometries of spherical topology is unstable with respect to break up into infinitely many wormhole-connected 4-spheres. For A less than some critical value, this integral is uncontrollably divergent.
On the other hand, the result of integration over cr, which sums up the loop diagrams in eq. Some other prescription must be found to justify them.
Fixing Other Coupling Constants
Once the cosmological constant has been set to zero, it is natural to ask if it may happen that the probability is maximized at o0 = 0. However, this is not a priori implied by the symmetry of the theory without the wormholes.
* This procedure requires that we introduce a lower cut-off on G2A, and take it to zero at the end of the calculation. Grinstein and WiseI1" have suggested that the proper quantity to be cut off is G$I, where Gc is the 'bare' Newton's constant, which does not depend on the a's. With this regulator the probability is maximized at G/Go = 0. Unfortunately, this seems to imply that wormhole effects make gravity a free theory. However, the full consequences of this approach have not yet been worked out.
--
The obvious question is to what extent the A; can be computed from a knowl-,c-edge of low-energy physics alone. Power counting indicates that A1 depends on the short-distance physics. Since it is dimensionless, it will generally be logarithmically divergent in the ultraviolet when expressed in terms of integrals over wave numbers. Therefore, it is sensitive to physics at arbitrarily short distances. Nevertheless, it appears that, when applied to masses of spin-0 and spin-i particles,
Coleman's procedure leads to some discouraging conclusions.
-. Consider a light pseudoscalar particle, such as the pion. We wish to study the Euclidean path integral on a $-sphere of radius r as a function of the pion mass.
Let us assume that m, is much smaller than the QCD scale fr. The low energy interactions of pions are well described by the SU (2) Thus, it appears that the probability for the pion mass is infinitely peaked at m 7r= 0. Unless a way around this conclusion is found, the theory of wormholes is in trouble.
It is also interesting to do a similar calculation for a free massive fermion. where M is the cut-off mass. We would like to calculate the sign of the coefficient of log(m/M) in Al. Since this term originates in the infrared modes, the coefficient is cut-off independent. In contrast with the result for a free scalar, we find that the sign is negative. Therefore, wormholes drive the free fermion mass toward the cut-off scale.
Let us apply this to neutrino physics. Since wormholes break chiral-symmetry, 
Wormholes and Cosmology
An important question about Coleman's theory is whether it is consistent with a reasonable cosmology. It will be disappointing if the theory truly predicts nothing rather than something: namely, a cold universe devoid of matter and energy.
We must hope that there is at least a finite number of universes which have undergone an interesting cosmological development. Obviously, the relevant issue is the absolute number of such universes and not the fractional number. We will argue that a possible outcome of the wormhole theory is that the number of warm universes is finite while the number of cold ones diverges. As a result, the expectation values of all observables will be dominated by cold empty universes. Under these circumstances the quantities of physical interest are conditional probabilities given that one is in a warm universe. Let us begin with extending the minisuperspace model by including a scalar variable 4(t) h h p w ic re resents the state of all matter However, the cosmological constant in these warm universes is driven to zero by contact with the infinity of cold universes.
This follows from the fact that Aa = 0 and that eventually the universe tunnels to the well at 4a.
-
The details of this scenario may vary depending on the specific mechanism for inflation. However, the idea that the cosmological constant in our warm universe is driven to zero by contact with an infinity of cold universes can be quite general.
It suggests that the reason why the cosmological constant is zero lies outside our own universe. 2) The two asymptotically flat regions can actually be connected even in the absence of a wormhole. 9) The minisuperspace trajectory which corresponds to the smaller part of the Euclidean sphere.
10) The minisuperspace trajectory which corresponds to the bigger part of the Euclidean sphere.
11) The potential energy in the hamiltonian -H.
Note that the mass of the 'particle' is also position dependent: m = a. 
